Aims/Introduction: To develop a new non-invasive risk score for undiagnosed diabetes in Chinese people, and to evaluate the incident diabetes risk in those with high-risk scores, but no diabetes on initial testing. Materials and Methods: A total of 2,609 participants with no known diabetes (aged 25-74 years) who underwent oral glucose tolerance tests in Hong Kong (HK) were investigated for independent risk factors of diabetes to develop a categorization point scoring system, the Non-invasive Diabetes Score (NDS). This NDS was validated in a cross-sectional study of 2,746 participants in Shaanxi, China. HK participants tested to not have diabetes at baseline were assessed for subsequent incident diabetes rates. Results: In the HK cohort, hypertension, age and body mass index were the key independent risk factors selected to develop the NDS, with ≥28 out of 50 NDS points considered as high risk. The area under the receiver operating characteristic curve for undiagnosed diabetes was 0.818 and 0.720 for the HK and Shaanxi cohort, respectively. The negative predictive value was 97.4% (HK) and 95.8% (Shaanxi); the number needed to screen to identify one case of diabetes was five (HK) and 11 (Shaanxi), respectively. Among those that tested non-diabetes at baseline, individuals with NDS ≥28 had a threefold risk of incident diabetes during the subsequent 20.9 years, compared with those with NDS <28 (P < 0.001), with a steeper rise in incident diabetes observed in those with NDS at higher tertiles. Conclusions: This new three-component risk score is a user-friendly tool for diabetes screening, and might inform the subsequent testing interval for high-risk non-diabetes individuals. † Co-first authors.
INTRODUCTION
The prevalence of diabetes is rising globally. One-quarter of the world's adults with diabetes are in China according to the 8 th Diabetes Atlas of the International Diabetes Federation. However, 69.8% of them were previously undiagnosed 1 . Diabetes complications might have already developed in many newly diagnosed patients 2, 3 . Although universal screening of diabetes has not been recommended, opportunistic screening as suggested by the World Health Organization might be justified, provided methods with adequate sensitivity and specificity are available, and the health system can implement effective preventive strategies for high-risk individuals 4 . Non-invasive risk assessment might improve cost-effectiveness of screening strategies by removing a portion of the population from glucose testing, particularly in populous countries 5 . Diabetes risk scores developed for detecting undiagnosed diabetes based on crosssectional studies should serve this purpose 6, 7 . Although such assessment tools are available, the subsequent rate of incident diabetes among those with high assessment scores, but no diabetes on initial testing, has not been reported.
To develop a user-friendly diabetes score requiring the minimum number of non-invasive parameters to facilitate early diabetes detection, we used data from the baseline assessment of the Hong Kong Cardiovascular Risk Factor Prevalence Study (CRISPS; development cohort) 8 to develop the Non-invasive Diabetes Score (NDS), and validate its performance with data from a cohort in Shaanxi Province, China (external validation cohort) 9 . Furthermore, participants assessed at the baseline visit of CRISPS (CRISPS1) and found to have no diabetes were evaluated for the subsequent development of incident diabetes in relation to their baseline NDS score.
METHODS

Participants
Development cohort with prospective follow up (Hong Kong cohort) The participants were from CRISPS, a long-term, population-based, prospective study on the prevalence of cardiovascular risk factors in Hong Kong. In 1995-1996 (CRISPS1) 8 , 2,895 unrelated Chinese participants were invited randomly by telephone numbers for a detailed assessment. A total of 2,609 participants were included in this analysis after excluding underweight participants with body mass index (BMI) lower than the 2.5th percentile. Participants were contacted for reassessment visits in 2000-2004 (CRISPS2), 2005-2008 (CRISPS3), 2010-2012 (CRISPS4) and 2016-2018 (CRISPS5) [10] [11] [12] .
External validation cohort (Shaanxi cohort)
This included participants in Shaanxi province, China, who were recruited at one of the centers of the China National Diabetes and Metabolic Disorders Study, a population-based cross-sectional study in 2007-2008, using a multistage stratified sampling design, with details described elsewhere 9 . In short, one midsize city, one developed and one underdeveloped county, plus the provincial capital of Shaanxi were selected. City districts from the cities, rural townships from the counties, followed by street districts from the city districts and rural villages from the townships were selected at random. Participants were interviewed by trained doctors and nurses at local health stations or community clinics with standardized questionnaires including demographic characteristics, family history of diabetes, lifestyle and metabolic risk factors. A total of 2,746 participants of the same age range and similar number as the Hong Kong cohort, with no known diabetes before the screening visit, were included in the present study.
The institutional review board or ethics committee of the First Affiliated Hospital of Air Force Medical University and the Faculty of Medicine, University of Hong Kong, reviewed and approved the study. Informed consent was obtained from all participants.
Data collection
In both cohorts, medical history was recorded during each attendance. Anthropometric and biochemical parameters were measured as described in previous publications 8, 9 . All participants not taking antidiabetic medications underwent a 75-g oral glucose tolerance test (OGTT) when they attended the assessment in Shaanxi and in Hong Kong, at baseline and reassessment visits. Diabetes was defined according to World Health Organization 1998 criteria: fasting glucose (FG) ≥7 mmol/L or 2-h post-OGTT glucose (2hG) ≥11.1 mmol/L 13 . Central obesity was defined as waist circumference (WC) ≥90 cm in men and >80 cm in women 14 . Hypertension was defined as blood pressure ≥140/90 mmHg or receiving regular antihypertensive treatment.
Dyslipidemia was defined as fasting triglycerides ≥1.69 mmol/L, fasting high-density lipoprotein cholesterol <1.29 mmol/L in women and <1.04 mmol/L in men, fasting low-density lipoprotein cholesterol ≥3.4 mmol/L or taking lipid-lowering agents 15 . Physical activity was defined as having at least moderate exercise for >30 min per week 10 .
NDS development and validation
Data from the Hong Kong cohort at CRISPS1 were used to develop NDS. Participants screened to have diabetes were compared with those without diabetes. The minimum possible number of independent non-invasive risk factors of diabetes was selected, using the Bayesian information criterion (BIC) 16 to form a simple model, which was used to develop a categorization point scoring system, the NDS. All participants without known diabetes before CRISPS1 were evaluated for the risk of undiagnosed diabetes with reference to the optimal cut-off of NDS, and the conclusion drawn was compared with the OGTT results at CRISPS1. We used data from the Shaanxi cohort to validate the score and compare the performance of NDS with the American Diabetes Association (ADA) Diabetes Risk Test 17 .
Observation of incident diabetes on long-term follow up based on NDS Those without diabetes based on OGTT (non-diabetes) at CRISPS1 were followed for diabetes development until CRISPS-5. The observed cumulative diabetes incidence of the high-risk group (NDS score ≥28) was compared with the low-risk nondiabetes group (NDS score <28). The NDS high-risk group was divided into tertiles (28-30; 31-37 ; ≥38) for further comparisons.
Statistical analysis
All analyses were carried out with SPSS version 24 (SPSS Inc., Chicago, IL, USA) and R v3.0.2 including the "MASS, "bootSte-pAIC", "pROC" and "DTComPair" packages (R Foundation for Statistical Computing, Vienna, Austria). Results were presented as the meanstandard deviation or median with interquartile range, as appropriate. For data not normally distributed, natural logarithmic transformation was applied before analyses.
Triglyceride level was the only variable requiring such transformation. Variables were compared between groups by one-way ANOVA for continuous data, and the v 2 -test for categorical data. Non-invasive risk factors, including age, BMI, hypertension, physical activity and family history of diabetes, which were significantly associated with diabetes in univariate analysis or of clinical relevance, were selected in the multivariable logistic regression model. We included BMI, but not central obesity, in the model, as WC correlated closely with BMI, and WC measurement was known to have more intra-and interobserver variations. The BIC with 100 bootstrap replicates was applied for variable selection. The lowest BIC was identified as the best among the models used. We categorized age at 10-yearly intervals, and BMI by cut-offs of obesity classification during the risk score development. Point scoring was assigned to each category according to a regression coefficient-based scoring algorithm to derive weights for the risk score. The model performance was assessed by using the area under the receiver operating characteristic curve (AUROC) for discrimination 18 . Calibration was carried out by plotting the observed risk against the predicted risk of undiagnosed diabetes, and evaluated by the Hosmer-Lemeshow goodness of fit test 19 . The optimal cutoff point of NDS for identification of undiagnosed diabetes was determined by Youden's index (J), which is the maximum vertical distance from the curve to the chance line on a ROC curve (J = sensitivity + specificity -1) 20 . Sensitivity, specificity, positive predictive value and negative predictive value (NPV) were presented at a particular cut-off point. The number of participants required to screen for identification of one case of diabetes (NNS) was calculated by 1 / absolute risk reduction 21 . Comparison of AUROCs was carried out by Delong's test. Differences in sensitivity and specificity were compared using the McNemar test. A Kaplan-Meier survival curve was constructed to compare the cumulative incidence of diabetes. The log-rank test was used to compare the incident diabetes between different NDS groups at year 5, 10, 15 and 20.
RESULTS
In the Hong Kong cohort at CRISPS1, 222 (8.5%) of the 2,609 participants (age 45.7 -12.5 years) were screened to have diabetes by OGTT. Table 1 shows the clinical characteristics of those with screened diabetes, compared with those without. Hypertension, age, BMI, family history of diabetes and physical activity were independently associated with diabetes, as assessed by multivariate logistic regression analysis, which also included two other non-laboratory-based risk factorssmoking and history of cardiovascular diseases. The best simple model included just age, BMI and hypertension, after variable selection by the BIC (Table S1 ). Table 2 shows the point scoring system of NDS. The AUROC of NDS for undiagnosed diabetes was 0.818 (95% confidence interval [CI] 0.792-0.845), and the P-value for the Hosmer-Lemeshow goodness of fit was 0.137, showing good discrimination and calibration ( Figure S1 ). The optimal cut-off of NDS, as evaluated by the Youden's index, was 28.
Participants with NDS ≥28 out of 50 were considered to be at high risk of having diabetes. Applying this optimal cut-off, NPV was 97.4% and NNS was 5. Table S2 summarizes the characteristics of participants from the Hong Kong cohort at CRISPS1 versus the Shaanxi cohort. More of the Hong Kong participants were physically active (P = 0.004), had a family history of diabetes (P < 0.001), higher BMI (P = 0.03) and dyslipidemia (P < 0.001); fewer were active smokers (P < 0.001), had a history of cardiovascular diseases (P = 0.018), central obesity (P < 0.001) or hypertension (P < 0.001). All Hong Kong participants lived in an urban area compared with 51.5% in the Shaanxi cohort (P < 0.001). NDS was validated in the Shaanxi cohort, in which 198 (7.2%) of 2,746 participants (age 45.1 -12.3 years), who had no history of diabetes, were screened to have diabetes. Evaluation of the performance of NDS in this cohort showed a good discrimination, with an AUROC of 0.720 (95% CI 0.685-0.756) and calibration (Hosmer-Lemeshow goodness of fit test P = 0.230; Figure S2 ). The NPV and NNS were 95.8% and 10.4, respectively. The performance of an established risk score including seven variables, the ADA Diabetes Risk Test, was evaluated in the same Shaanxi cohort. Compared with the NDS, the ADA Diabetes Risk Test showed a suboptimal discrimination with an AUROC of 0.697 (95% CI 0.660-0.734) and unsatisfactory calibration (Hosmer-Lemeshow goodness of fit test P < 0.05; Table 3 ). When applied in the Hong Kong cohort, the AUROC of the ADA Diabetes Risk Test was 0.802 (95% CI 0.774-0.829). Of 1,984 participants who were confirmed non-diabetes by OGTT at CRISPS1 and returned for follow-up visits, 488 were NDS high risk, using the same optimal cut-off of NDS ≥28. During a median follow-up period of 20.9 years (interquartile range 12.8, 22.3), incident diabetes was documented in 389 of 1,984 participants (19.6%), with 153 being NDS high risk. Table S3 summarizes the clinical and biochemical characteristics of the participants deemed NDS high risk compared with low risk at CRISP1. Figure 1 shows the observed diabetes incidence in participants with different baseline NDS risk scores. The cumulative diabetes incidence was more than tripled in the NDS high-risk group (NDS ≥28) at each time point (all P < 0.001, log-rank test) compared with the low-risk group (NDS <28). Among the high-risk individuals, those at higher tertiles had a steeper rise in incident diabetes compared with those at the lowest tertile (28) (29) (30) . Individuals in the highest tertile of the high-risk group (NDS ≥38) had a more than sixfold (log-rank test P < 0.001) rate of incident diabetes by the 5 th year when compared with those with a baseline NDS <28.
DISCUSSION
We developed a new non-invasive diabetes risk score for undiagnosed diabetes, NDS, consisting of just three variables (age, BMI and hypertension), based on a cross-sectional study in Hong Kong. We validated the NDS in a geographically distinct Chinese cohort and found that it had a good performance in identifying undiagnosed diabetes in both cohorts, especially regarding NPV and NNS, making it a potentially useful tool in diabetes screening before glucose testing. Furthermore, from our long-term prospective CRISPS cohort, we observed that among those tested to have no diabetes at CRISP1, NDS highrisk participants had triple the rate of incident diabetes at any time point during follow up. We also noted that increasingly higher baseline NDS scores were associated with earlier development of diabetes on subsequent follow up. The present findings suggest that this three-component diabetes risk score can contribute to early diagnosis of diabetes and provide reference information on reassessment planning. Type 2 diabetes is often asymptomatic at onset, but can cause serious chronic complications that can be preventable if the disease is treated early, through the detection of undiagnosed diabetes. A diabetes screening tool for undiagnosed diabetes would be more useful if it could screen out a large volume of low-risk cases with the minimal number of false negatives. NDS has high NPVs in both the Hong Kong and Shaanxi cohorts. When applied in Hong Kong at CRISPS1, 70.5% of the participants had a low risk of undiagnosed 22 . Bodyweight and height can be self-measured with good reliability and less variation compared with WC 23 . As elevated blood pressure and fasting hyperglycemia are both components of the metabolic syndrome, it is not surprising that having hypertension is associated with a higher chance of having diabetes 10 . Promoting early diagnosis and treatment of both will help reducing the high mortality from cardiovascular diseases as well 24 . Although hypertension might be frequently undiagnosed in remote areas, such limitation can be overcome by training community pharmacists or village health volunteers to measure blood pressure and refer high-risk individuals for glucose testing. Furthermore, home blood pressure monitors are becoming widely available and affordable, and can help identify hypertension in the community.
We categorized BMI by cut-offs of obesity classification during the risk score development. In line with other screening recommendations, we followed the Asian BMI cut-off for overweight at 23 kg/m 2 . 17, 25 For BMI <23, cut-offs were set at the 2.5th and 10th percentile. The relative importance of BMI and age as diabetes risk factors was evidenced by their contribution to the scoring points ( Table 2 ). Age is the prerequisite variable according to the ADA, which recommends that even without other risk factors, screening should start from the age of 45 years and be repeated every 3 years if negative.
Although this recommendation appears extremely simple, the high volume of subsequent glucose testing generated might become a barrier for its application, particularly in aging populations. We previously found that the number for glucose testing was smaller if the ADA Diabetes Risk Test, the alternative method that included a few other risk factors, was used for diabetes screening in Hong Kong 26 . However, this test appeared to have a suboptimal performance in discrimination and calibration compared with the NDS when evaluated in the Shaanxi cohort (Table 3 ). Although the NDS was based on data in Hong Kong Chinese individuals, it had a good performance in the geographically distinct validation cohort from Shaanxi, where the environmental factors including diet pattern, rural-urban distribution and lifestyles were different, suggesting its potential application in other Chinese populations.
It is shown that currently available diabetes risk assessment tools are of limited use 27 , and there is a lack of systematic approaches on identification of high-risk individuals. Diabetes risk scores can be developed from cross-sectional or longitudinal cohorts. The clinical application of these scores might also be different. While the former aims to identify undiagnosed diabetes and works for diabetes screening, the latter predicts diabetes development and facilitates diabetes prevention. The Finnish Diabetes risk Score (FINDRISC) was originally developed to predict incident diabetes 28 , but it had also been validated by cross-sectional studies for detection of undiagnosed diabetes using different cut-off points 29, 30 . The information on the rate of subsequent development of diabetes among individuals with a high-risk NDS score, but found to have no diabetes at initial testing, might help toward the planning of diabetes testing interval after the first assessment. The current testing interval of 3 years, as suggested by the ADA, has been based largely on the strategic balance of minimizing false positives leading to unnecessary testing, and ensuring false negatives are retested before complications developed 31 . Individuals at the highest tertile of the NDS high-risk group (NDS ≥38) in the present study had a sixfold risk of observed incident diabetes when compared with those with low risk (NDS <28; Figure 1 ). Reducing the testing interval to 2 years or even 1 year might be warranted in this group of patients. OGTT was used in both cohorts to screen for diabetes. We and other studies have shown that 2hG diagnosed more diabetes than FG in Chinese individuals 9, 11 . The NDS considered individuals with diabetes diagnosed by both FG and 2hG criteria, making it a more reliable screening tool for undiagnosed diabetes. However, the present study had the limitation of not including glycated hemoglobin in the diagnosis of diabetes, as it was only available in a subgroup in both cohorts. Nevertheless, a recent study showed that glycated hemoglobin added only 0.5% to the prevalence of diabetes defined by OGTT in the Chinese population 1 . Furthermore, FG and 2hG are considered more relevant to the pathophysiology of diabetes, and effectiveness of diabetes prevention through lifestyle or pharmacological interventions is shown in studies among individuals with impaired glucose tolerance identified by 2hG [32] [33] [34] . Applying diabetes prevention interventions to the NDS-defined high-risk non-diabetes individuals appears to be an attractive direction that warrants further investigations. The present study had a few limitations. As in other prospective observational studies, we had participants lost to follow up in the CRISPS cohort, with more defaulters having NDS ≥28 (45.1% vs 24.6% of those with reassessment, P < 0.001). Thus, the risk of incident diabetes in NDS high-risk participants might have been underestimated. However, the development and validation of NDS should not be affected. Using data at CRISPS1 to develop the NDS allowed us to observe the long-term incident diabetes risk. However, it also resulted in some drawbacks. The definition of physical activity used at CRISPS1, for instance, was different from those in common use nowadays, such as that based on the International Physical Activity Questionnaire, used in our ongoing research 35 . Nevertheless, physical activity was not selected for the final model by the BIC (Table S1) , and would not affect the performance of the NDS. In contrast, the dietary pattern, environmental condition and lifestyle in Hong Kong and Shaanxi are expected to have undergone changes since 1995 and 2007, respectively. Nevertheless, this NDS risk score is likely to remain applicable for screening of undiagnosed diabetes in a current population, as suggested by the observation that despite the two studies being carried out >10 years apart in two geographically distinct regions in China, the performance of the NDS was good in the Shaanxi cohort. Notably, the NDS does not involve behavioral or lifestyle risk factors, which might be more affected by socioeconomic changes over the years.
In conclusion, we have developed a three-component non-invasive diabetes risk score, simple enough for self-assessment, to identify individuals with undiagnosed diabetes. The same score using the same cut-off also shed light on the risk subsequent diabetes development. The use of this score might help in the early diagnosis of diabetes, at least amongst Chinese adults.
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Figure S1 | Calibration plot of observed risk against risk predicted by the Non-invasive Diabetes Score (NDS) at the baseline visit of the Hong Kong Cardiovascular Risk Factor Prevalence Study (CRISPS1) in the Hong Kong cohort. Figure S2 | Calibration plot of observed risk against risk predicted by the Non-invasive Diabetes Score (NDS) in the Shaanxi cohort.
Table S1 | Results of Bayesian information criterion of the multivariable stepwise logistic regression models for risk factors associated with undiagnosed diabetes at the baseline visit of the Hong Kong Cardiovascular Risk Factor Prevalence Study in the Hong Kong cohort (n = 2,609). Table S2 | Descriptive statistics of participants at the baseline visit of the Hong Kong Cardiovascular Risk Factor Prevalence Study and the Shaanxi cohorts. Table S3 | Clinical and biochemical characteristics of the Non-invasive Diabetes Score high-risk and non-invasive diabetes score low-risk participants at the baseline visit of the Hong Kong Cardiovascular Risk Factor Prevalence Study in the Hong Kong cohort (n = 1,984).
